To monitor nitrate and peptide transport activity in vivo, we converted the dual-affinity nitrate transceptor CHL1/NRT1.1/NPF6.3 and four related oligopeptide transporters PTR1, 2, 4 and 5 into fluorescent activity sensors (NiTrac1, PepTrac). Substrate addition to yeast expressing transporter fusions with yellow fluorescent protein and mCerulean triggered substrate-dependent donor quenching or resonance energy transfer. Fluorescence changes were nitrate/peptide-specific, respectively. Like CHL1, NiTrac1 had biphasic kinetics. Mutation of T101A eliminated high-affinity transport and blocked the fluorescence response to low nitrate. NiTrac was used for characterizing side chains considered important for substrate interaction, proton coupling, and regulation. We observed a striking correlation between transport activity and sensor output. Coexpression of NiTrac with known calcineurin-like proteins (CBL1, 9; CIPK23) and candidates identified in an interactome screen (CBL1, KT2, WNKinase 8) blocked NiTrac1 responses, demonstrating the suitability for in vivo analysis of activity and regulation. The new technology is applicable in plant and medical research. Impact statement: Four oligopeptide and one nitrate transporter are converted into fluorescent reporters of transport activity. The NiTrac1 nitrate transporter sensors accurately reports the dual affinity of the transporter. NiTrac1 is used to study structure function interactions and identifies regulatory interaction with other proteins. ABSTRACT 12 To monitor nitrate and peptide transport activity in vivo, we converted the dual-affinity nitrate transceptor 13 CHL1/NRT1.1/NPF6.3 and four related oligopeptide transporters PTR1, 2, 4 and 5 into fluorescence 14 activity sensors (NiTrac1, PepTrac). Substrate addition to yeast expressing transporter fusions with 15 yellow fluorescent protein and mCerulean triggered substrate-dependent donor quenching or resonance 16 energy transfer. Fluorescence changes were nitrate/peptide-specific, respectively. Like CHL1, NiTrac1 17 had biphasic kinetics. Mutation of T101A eliminated high-affinity transport and blocked the fluorescence 18 response to low nitrate. NiTrac was used for characterizing side chains considered important for substrate 19 interaction, proton coupling, and regulation. We observed a striking correlation between transport activity 20 and sensor output. Coexpression of NiTrac with known calcineurin-like proteins (CBL1, 9; CIPK23) and 21 candidates identified in an interactome screen (CBL1, KT2, WNKinase 8) blocked NiTrac1 responses, 22
which provide insights into their physiological roles. However, even with this massive amount of detailed 89 data, the key information is missing, namely the information on the activity state of a given protein in 90 vivo. In vivo activity depends mainly on two additional parameters beyond protein abundance at a given 91 membrane: the local concentration of the substrate/s, the status of the cell (e.g., the membrane potential 92 and local pH as key determinants for ion transporter activity) and the status of cellular regulatory 93 networks required for activity of the protein in question. Again genes can help us to find regulators and 94 study the effect of mutations on nitrogen acquisition, but ultimately, we need to be able to quantify the 95 activity of the transporters in individual cells in vivo.
96
Nitrogen uptake is controlled by many factors, such as nitrogen level, energy status of the plant, 
Engineering of four peptide transport activity sensors
168 It is conceivable that nitrate is taken up by CHL1 into the cytosol where it binds to mCerulean, or eCFP, 169 leading to quenching. However, addition of nitrate to yeast cells expressing CHL1 alone had no effect on 170 the fluorescence of a cytosolically expressed mCerulean ( Fig. 1G ). One could argue that quenching 171 occurs locally at the exit pore of the transporter directly at the plasma membrane and thus requires 172 tethering of mCerulean to the transporter. To test whether quenching is specifically caused by nitrate, we 173 created similar constructs for the oligopeptide transporters PTR1, 2, 4 and 5 from Arabidopsis 
Effect of mutations on the NiTrac1 response and NRT1.1 activity 200
To study the NiTrac mechanism in more detail, and to identify residues important for the transport 201 function of the transporter and sensor, we generated a homology model for CHL1 on the basis of crystal 202 structures of bacterial proton-dependent oligopeptide transporter homologs (see Materials and Methods), 203 and predicted potentially functionally important residues structurally close to the substrate binding pocket 204 from the predicted structure and from sequence alignments. We specifically targeted residues that might 205 be important for substrate specificity, residues involved in proton cotransport, and salt bridges possibly 206 involved in dynamic movements during the transport cycle ( Fig. 4A ). As one may have expected, 207 different mutants showed different energy transfer ratios, consistent with conformational differences 208 (altered distance and/or orientation of the fluorophores in the absence of substrate; Fig. 4B ). Interestingly,
209
we not only observed cases in which donor quenching was lost, but also changes that are consistent with CIPK8, which is nitrate inducible in a CHL1-dependent fashion, did not affect the Nitrac1 response.
273
However CBL1 on its own also blocked the Nitrac1 response to nitrate addition (Fig. 7D ). 
320
Structural rearrangements triggered by mutations, by binding of a regulator, or by mutations apparently 321 lead to a variety of changes in the fluorescence output. One of the most striking features of NiTrac1 is that it reflects the biphasic kinetics of CHL1 and that even the transport and fluorescence response constants 323 are highly similar. Mutagenesis of T101 to alanine, which had been shown to specifically affect the high-324 affinity component of nitrate uptake also specifically eliminated the high-affinity response in NiTrac1.
325
These findings strongly supported the notion that NiTrac reports the processes that occur in the Fig. 1, 6 , and 7 to determine significance.
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